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Introduction
Periodic three-dimensional (3D) nanostructures have many interesting applications in photonic materials, microbatteries, fluidic filters, and metamaterials [1] [2] [3] [4] [5] [6] [7] [8] [9] . One effective method to fabricate 3D nanostructure is phase-shift lithography, where an optical phase element diffracts normal incident light and generates a 3D intensity distribution in close proximity. The optical pattern is governed by the Talbot effect, and can be recorded by photoresist [9] [10] [11] [12] [13] [14] [15] [16] . Such method has been employed by various groups, where a conformal polydimethylsiloxane (PDMS) mask is used to pattern periodic 3D nanostructures. However, in these processes it is important that a high-quality mold is used for the PDMS mask, which typically requires use of expensive and time-consuming fabrication processes such as deepultraviolet, electron-beam, and atomic force lithography followed by plasma dry etching.
Another method to implement phase-shift lithography is using a 2D colloidal nanosphere array, which replaces the PDMS mask as the optical diffractive element [17] . In this scheme, the colloidal sphere arrays act as a periodic phase element to generate periodic Talbot patterns, eliminating the need for physical masks. The nanospheres can be also be assembled into a regular pattern [18] directly on the photoresist, reducing fabrication complexity and other close-contact issue involved in masks. It is also possible to control the lattice parameters in all three directions by controlling sphere diameter and illuminating wavelength. This approach provides a low-cost method for the scalable fabrication of 3D periodic nanostructures. The use of colloids can also enable other complex geometry, including nanovolcano arrays [19, 20] , 3D hierarchical nanostructures [21] , and other colloidal-assisted lithography [22] [23] [24] [25] .
In this work, we investigate the design of feature geometries within a 3D nanostructure unit cell in colloidal phase lithography. This is accomplished by examining the illumination wavelength normalized by the wavelength, which leads to a unitless parameter. Using analytical modeling, the Talbot distance and sub-image planes of the periodic intensity patterns can be examined. This is then compared to a numerical model using finite-different time-domain (FDTD) methods, which will provide a design map on the influence of the wavelength-diameter ratio on the unit-cell geometry. The analytical and numerical models are confirmed by experimental fabrication, and the error will be studied.
Colloidal lithography and Talbot effect
Colloidal phase lithography is based on the well-known Talbot effect, which occurs in the near field when a periodic pattern is illuminated with normal incidence light [26] [27] [28] . A schematic of this system is illustrated in Fig. 1 , where a cross-section particle array and its simulated intensity using FDTD are overlaid. Orthogonal cross sections in both x and y directions are examined to investigate the 3D intensity distribution. The wavelength and sphere diameters are 105 nm and 500 nm, respectively. The Talbot distance (z t ), or one period of the periodic Talbot pattern in the axial direction as noted, can be calculated by the equation below, 
where λ is the wavelength of incident light, n is the refractive index of propagating medium, and D is the diameter of colloidal particle in this equation. Note that the lateral period, 3 / 2 D Λ = because the colloidal spheres form a hexagonal array [29] [30] [31] . The Talbot distance can be normalized by the lateral period, and defining the unitless parameter / Λ n γ λ = yields,
.
Note the normalized Talbot distance is governed only by γ, therefore it is the sole factor in defining and controlling the longitudinal lattice constant of the generated 3D periodic nanostructure [17] . Beyond the lattice constant, the γ parameter also determines the diffraction order allowed to propagate in the photoresist. Higher 1/ 3 γ > allows only 0th and 1st diffraction orders (m = 1), resulting in simpler periodic patterns, while lower 1/ 7 γ > makes more complex Talbot patterns with higher diffraction orders (m > 2), yielding multiple sub-image planes [17] . The existence of the sub-images results in higher spatial frequency features within a unit cell then specified by the lattice parameter. Therefore, a variety 3D periodic nanostructure with different geometry can be generated simply by varying γ parameter through different combinations of wavelengths and colloidal particle diameters. This approach enabled the design and control of feature geometry within a single unit cell. Using FDTD method [32] , the periodic optical intensity profile can be studied to optimize the 3D exposure parameters. Simulation results of γ = 0.1 to 0.9 with a step of 0.05 are shown in Fig. 2 . The index and diameter of the sphere were kept constant at n = 1.67 and 500 nm, respectively, and the gamma values were obtained by varying wavelengths. It can be observed that higher γ results in simpler intensity patterns, while lower 1/ 7 γ < shows well-defined Talbot sub-images, such as a primary image at z t , a phase-reversed image at roughly z t /2, and multiple frequency-multiplied images within one Talbot period. Below 1/ 3 γ = , various sub-images were observed and defined readily due to multiple diffraction orders (m > 1). However when 1/ 3 γ > , only primary and secondary phase-reversed images can be observed and they repeat in the axial direction, as predicted by the Talbot effect.
To analyze the features in more details, the corresponding unit cells from each intensity pattern were extracted, normalized in the axial direction, and compared in lower side of Fig.  2 . For γ < 0.2, the unit cells contain complex features with higher spatial frequencies due to multiple sub-image planes. The Talbot distance also increases significantly to several multiples of the longitudinal lattice spacing, making the unit cell highly elongated in the axial direction. On the other hand, the intensity profiles in higher range of γ > 0.6 showed simpler periodic patterns. Simple unit-cell geometries in this regime will lead to facile control over height and width of constituent elements by choosing proper sphere size and wavelength. In this regime the structures have uniform pore sizes and can find applications in photonics and nanostructured materials. In the intermediate range where 0.2 < γ < 0.6, the unit cells have complex intensity profile but presented fewer sub-images that are dominant. In this case fabrication of the structure is more feasible. 
Fabrication process
The fabrication process for colloidal phase-shift lithography using assembled nanospheres is illustrated in Fig. 3 . For all experiments, anti-reflection coating (ARC i-CON-7, Brewer Science, Inc.) was spin-coated on a silicon wafer to prevent reflection during lithography. SU-8 (Microchem, Corp.), a negative photoresist was selected for its relatively low optical absorption to enable thick structures. To promote adhesion between ARC and SU-8, an SU-8 buffer layer of 500 nm was used. The buffer layer was flood-exposure (200 mJ/cm 2 ) and hardbaked at 220 °C for 5 minutes. Then, a target layer of SU-8 with controlled thickness (5~7 µm) was spin-coated on top of the buffer layer and soft-baked at 95 °C. A monolayer of 2D polystyrene nanosphere array with various ranges of sphere diameter (D = 350~1000 nm, Polyscience Polybead Microspheres in 2.5% aqueous solution) was assembled on top of the photoresist layer, as shown is a cross-sectional SEM image in Fig. 3(a) . The exposure process was performed with 3 different light sources, a HeCd laser (λ = 325 nm), a mercury lamp with bandpass filter (centered at λ = 365 nm), and a laser diode module (λ = 405 nm). The exposure dose differs for the light sources due to the difference in light absorption coefficient of SU-8 at different wavelength. The dose was about 4~8 mJ/cm 2 for λ = 325 nm, and 50~100 mJ/cm 2 for λ = 365 and 405 nm. A photo-initiator cyclopentadienyl(fluorene) iron(II) hexafluorophosphate (Sigma-Aldrich) was added to SU-8 for λ = 405 nm exposure to increase resist sensitivity. After exposure, the colloidal spheres were removed using ultrasonication system, and the post-exposure bake step was conducted at around 70 °C for 5 minutes. The resulting structure is shown in Fig. 3(b) , and some material shrinkage due to polymer crosslinking can be observed. The sample was then developed with propylene glycol monomethyl ether acetate (PGMEA) and the rinsed in isopropyl alcohol (IPA). The final 3D periodic nanostructure is shown in Fig. 3(c) , which has multiple periods of Talbot patterns within about 5~6 µm of thickness. The fabrication parameters, especially exposure dose, post-exposure bake temperature and time were optimized experimentally to confirm well-organized and durable 3D periodic nanostructures. 
Experimental results
Based on the analytical and numerical models, different combinations of incident light wavelengths and sphere sizes can be utilized to control the γ parameter and demonstrate various types of 3D nanostructures. According to Eq. (2), longer wavelength and smaller diameter of sphere results in higher γ parameter, and vice versa. 3D nanostructures with γ = 0.23 to 0.65 were experimentally fabricated, as shown in Fig. 4 . The FDTD simulation data for the corresponding γ parameter are also shown, and agrees well with experimental results. From the analysis in the previous section, the most complex 3D patterns were achieved at low γ < 1/ 7 , which results higher diffraction order was allowed in this case. Note that a thin layer on top of every structures was generated while the oxygen plasma surface treatment step for assembling colloidal nanospheres on SU-8. In the fabricated structure with γ = 0.31, the frequency-doubled sub-image plane can be observed at 992 nm and the feature period is around 360 nm, which is less than half of the sphere period. The γ = 0.23 case was expected to generate more complex fabricated 3D structures, however the finer features by the frequencymultipled sub-images did not develop. This can be attributed to lower exposure contrast in those areas, and resulted in fully crosslinked layer. The first frequency-multiplied sub-image plane, on the other hand, can still be observed and has feature period of about 500 nm. When γ parameter is higher than 1/ 7 , the fabricated nanostructures showed simpler unit cell and more robust structures because the primary images were repeated with much shorter period while the sub-images do not exist. The most durable structures were achieved at γ = 0.58, where the thickness of its column and plane were almost the same everywhere inside the structure.
Some structural collapse and breakage can be observed for structures fabricated using a mercury lamp with a 365 nm bandpass filter. We believe this is due to the finite bandpass bandwidth, which is about 10 nm. As a result the Talbot image is blurred, reducing exposure contrast and leading to collapse during development. This shows that while not required, single-wavelength laser sources are preferred when fabricating robust 3D nanostructures. In addition, the exposure using 405 nm laser diode module (γ = 0.57) showed many partial collapses or breaks than other fabrication results. This can be due to the chemistry incompatibility of the photo-initiator to enhance sensitivity. The process optimization of the ratio of photo-initiator to SU-8 solution is currently underway to avoid these defects due to the incomplete cross-linking. Another limitation of our work came from the nature of SU-8, which requires a postexposure bake step to crosslink the polymer and swells during development [33] . Although the baking process was optimized experimentally to obtain structures with high quality, the swelling issue cannot be resolved thoroughly and resulted in mechanical instability of 3D nanostructure. This occasionally leads structural failure during aqueous rinsing and drying step due to the surface tension. However this limitation can be mitigated by using critical point drying. Structures with finer features and physical defects are much vulnerable to this issue, and we believe this explains why the lower γ nanostructure was more difficult to obtain experimentally because they typically contain multiple frequency-multiplied sub-images.
Lastly, the dependency of the normalized Talbot distance, z t /Λ on γ parameter for the fabricated nanostructures are compared with analytical and FDTD models, as depicted in Fig.  5 . The different diffraction regimes are also identified, where m = 1, m = 2, and m > 2 results in Talbot patterns with secondary phase-reversed image, single sub-image plane, and multiple sub-image planes, respectively. In general, both the analytical and FDTD models agree well with the experimental data and less than 5% of error was observed in most range of γ. However for γ < 0.3, the analytical and FDTD models diverge slightly, and the experimental data shows better agreement to the analytical model. One possible reason is that the FDTD model resulted in high-frequency intensity fluctuation due to near-field effect at nanosphere array and photoresist interface, which made it difficult to determine the exact Talbot distance from the following repeated patterns. Also, the higher errors among experimental data were mainly from the samples with a bandpass filter, which is explainable by the dispersed wavelength after the bandpass filter, leading to structure collapse. The sample with the most partial collapse in the structure (γ = 0.57) also has the highest error, where the experimentally measured Talbot distance is 10.2% and 7.1% smaller than the analytical and numerical models, respectively. This is expected as the structure collapse reduced the overall structure height. Other than that, the experimental data showed good agreement, and this demonstrates the unit cell in our 3D nanostructure is designable and controllable by selecting a proper γ parameter. The detailed comparison between analytical, numerical, and experimental data is shown in Table 1 . 
Conclusion
In this work we have demonstrated a method exploiting the Talbot effect generated by colloidal phase mask to design unit cell geometries for periodic 3D nanostructures. First, we analytically calculated Talbot distance and numerically simulated Talbot intensity patterns for a wide range of unitless parameter, γ. Then, using a 2D self-assembled polystyrene nanosphere array as a phase shift mask, 3D nanostructures were successfully fabricated within a thick negative-tone photoresist. The γ parameter was the sole factor to control the lattice parameters, unit-cell feature sizes, and complexity of intermediate sub layers, and different nanostructures were achieved experimentally by various combinations of incident light wavelengths and nanosphere sizes. The experimental results were compared with analytical and numerical models, and it showed a good agreement with less than 5% error in most of cases. Both complex unit cell with lower γ and simple unit cell with higher γ are expected to be useful in practical applications, such as photonic crystals, microfluidics, and ordered cellular materials.
